Background: Transposable elements (TEs) have played an important role in the
Background
Transposable elements (TEs) are mobile genetic sequences that comprise a large fraction of mammalian genomes: 45%, 37% and 55% of the human, mouse and opossum genomes are made up of these elements, respectively [1] [2] [3] [4] [5] [6] . TEs are distinguished by their mode of propagation. Short interspersed repeat elements (SINEs), long interspersed repeat elements (LINEs) and retrovirus-like elements with long-terminal repeats (LTRs) are propagated by reverse transcription of an RNA intermediate. In contrast, DNA transposons move through a direct 'cut-and-paste' mechanism [7] . TEs are not just "junk" DNA but rather are important players in mammalian evolution and speciation through mechanisms such as exonization and intronization [8] [9] [10] [11] . Alternative splicing of exonized TEs can be tissue specific [12, 13] and exonization contributes to the diversification of genes after duplication [14] .
Most exonized TEs are alternatively spliced, which allows the enhancement of transciptomic and proteomic diversity while maintaining the original mRNA product [9-11, 15, 16] . Exonization can take place following insertion of a TE into an intron.
However, the majority of invertebrate introns are relatively short [17] and are under selection to remain as such due to the intron definition mechanism by which they are recognized [18] [19] [20] [21] . Thus, there is presumably a selection against TE insertion into such introns. However, with the presumed transition from intron to exon definition during evolution [20, 22] , introns were freed from length constraints. This reduced the selection against insertion of TE into introns and a large fraction of mammalian introns contain TEs, although only a small fraction are exonized [16] . For the most part, TEs have not been inserted within internal coding exons; they are found in first and last exons and in untranslated regions (UTRs), apparently the outcome of coding constraints [16] .
The impact of TEs on the genomes of human [8-11, 16, 23-26] , dog [4, 5] , cow [3] , mouse [16] and opossum [6, 27] has been extensively studied. Bejerano and colleagues have shown that SINE elements that were active in non-mammalian vertebrates during the Silurian period are the source of ultra-conserved elements within mammalian genomes [28] . However, with this exception there have been no systematic large-scale analyses of the impact of TEs on the transcriptomes of nonmammalian genomes. To address this issue we compiled a dataset of all TE families in the genomes of chicken (Gallus gallus), zebrafish (Danio rerio), sea squirt (Ciona intestinalis), fruit fly (Drosophila melanogaster) and nematode (Caenorhabditis elegans). We examined the location of each TE with respect to annotated genes. We found that the percentage of TEs within transcribed regions of these non-mammalian vertebrates and invertebrates is much lower than the percentage observed within mammals. We also found evidence for TE exonization in all species we examined. However, the magnitude of this process differed among the tested organisms; we detected a substantially higher level of exonizations in vertebrates (G. gallus and D.
rerio) compared to invertebrates (D. melanogaster and C. elegans). There is a higher abundant of TEs in intronic sequences and introns are much larger in vertebrates than in invertebrates, suggesting that TEs located in long introns provide fertile ground for testing new exons via the exonization process. Overall, the results we present suggest that TE exonization is a mechanism for transcriptome enrichment not only in mammals, but also in non-mammalian vertebrates as well as in invertebrates, albeit to a lesser extent.
Results

Genome-wide analysis of TE insertions within the transcriptomes of five nonmammalian species
To evaluate the effect of TEs on the transcriptomes of non-mammals, we analyzed the genomes of five non-mammalian vertebrates and invertebrates: Gallus gallus, Danio rerio, Ciona intestinalis, Drosophila melanogaster and Caenorhabditis elegans. To calculate the total number of TEs in each genome, the number of TEs in introns, and the number of TEs present within mRNA molecules, we downloaded EST and cDNA alignments and repetitive element annotations for these five genomes from the University of California Santa Cruz (UCSC) genome browser [24] (see Materials and Methods and also [29] ). Tables 1, 2 
Insertion of TEs within intronic sequences
Deeper analysis of the non-mammalian genomes revealed that TEs are less likely to be fixed within transcribed regions relative to orthologous regions in human and mouse [16] . We also examined the average length of introns containing TEs. In C. elegans the median length of an intron containing a TE is ~700 bp (after subtracting TE length, the median intron size is 477 bp), compared to ~3000 bp in human, mouse, chicken and zebrafish. The median length of introns that contain TEs in the fruit fly is around 6000 bp (after subtracting the TE length, the median intron length is 5822 bp), whereas the median length of introns in fruit fly is only 72 bp [17] ( Figure 2B and 2C). Therefore, the introns in fruit fly that contain TEs are presumably under different selective pressure than the vast majority of introns in this organism; we assume that these TE-containing introns are not selected via the intron definition mechanism [19] .
In general, we found a positive correlation between the fraction of introns containing These biased insertions are presumably due to potential for co-transcription of TEs that already contain coding sequences. Insertion in a sense orientation would introduce another promoter into the transcribed region, which is likely to be deleterious and therefore selected against.
Exonizations within vertebrates and invertebrates
In mammals, new exonizations resulting from TEs are mostly alternatively spliced cassette exons [10, 11, 15, 16, 26, 32, 33] . In non-mammalian genomes, the level of alternative splicing is lower than that of mammals, with the exception of chicken where levels of alternative splicing are comparable to those in human [34] . We analyzed the splicing patterns of the TE-derived exons in the four non-mammalian species that contain TE-derived exons; the analysis was based on alignment data between EST/cDNA sequences and their corresponding genomic regions. The TEderived exons in Danio rerio, C. intestinalis and C. elegans were predominantly alternatively spliced ( Figure 3 ), a phenomenon similar to that found in mammals, suggesting that similar evolutionary constraints (reviewed in [22, 26, 35] Supplementary table S3 in Additional file 3).
In D. melanogaster, we found no evidence for exonizations using current ESTs or cDNA. We did identify three cases in which TEs were inserted into internal exons, all within the coding sequence (see Figure 4 , and also Supplementary text S1 in
Additional file 4 for exon sequences). In these cases, the length of the inserted TEs (LINEs) was found to be divisible by three and the sequences did not contain stop codons. Thus, the insertion of these TEs into the coding exons did not alter the reading frame of the downstream exons, but rather added new amino acid sequence to the proteins. These insertions result in extremely long exons (668, 2025 and 4077 bp).
One of these exons is flanked by very short introns (82 and 68 bp for the upstream and downstream introns, Figure 4C ) and two are flanked by a short downstream intron and a long upstream intron (85 and 70 bp for the downstream introns and 1003 and 689 bp for the upstream introns, Figure 4 A and B). In mammals, no evidence was found for TE insertions into coding exons [15, 16] . We assume that this difference between mammals and Drosophila is due to the fact that in D. melanogaster the intron definition mechanism is dominant, which allows the lengthening of exons in a short-intron environment [19] .
We have recently shown evidence for transduplication of protein coding genes within DNA transposons in C. elegans [40] . In the zebrafish genome, like that of mammals, the most abundant TEs are SINE elements. About 68% (77,436 copies) of zebrafish TEs are intronic SINEs that belong to the HE1 family of SINEs; these HE1 SINEs comprise almost 10% of the zebrafish genome [41] . The HE1 are tRNA-derived SINEs with a consensus sequence of 402 bp long found also in elasmobranches (the subclass of cartilaginous fish) [42] . The HE1 family is the oldest known family of SINEs, dated to 200 million years ago [42] . The Table 2 ). The exonization of DNA repeats is not biased to one of the orientations (χ 2 , p-value = 0.13).
TE insertions into the first and last exons
Our analysis shows that the influence of TEs on the transcriptomes of non-mammals is not limited to the creation of new internal exons: TEs also modified the mRNA by insertion into the first or last exon of a gene. This type of insertion causes an elongation of the first or last exons and usually affects the UTR ( Figure 4B ). In human, this type of insertion has been shown to create new non-conserved polyadenylation signals [44] , influence the level of gene expression [45] and create new microRNA targets [46, 47] .
For the analysis of the number of TE insertions within the first or last exons in chicken, zebrafish, fruit fly and nematode, we used the UCSC annotated RefSeq genes and examined those full-length sequences in which the entire transcript is annotated and a consensus mRNA sequence exists (refGene Table S4 in Additional file 5 and Table   S5 in Additional file 6). Our previous analysis showed that in human annotated genes, the average lengths of the first and last exons are 465 and 1,300 bp, respectively, and in mouse genes the first exon has an average length of 393 bp and the last exon an average length of 1,189 bp [16] . The average lengths of the first and last exons in the non-mammalian species are shown in Figure 6 (see also Supplementary table S4 in   Additional file 5 and Table S5 in Additional file 6); all have average exon lengths shorter than those of human and mouse. The fly has on average the longest first exons among the non-mammalian species, whereas the chicken genome contains the longest last exons on average ( Figure 6 ).
Discussion
In this study, we examined the influence of TEs on the transcriptomes of five species, including two vertebrates, one non-vertebrate deuterostome and two invertebrates. We compared our data to previous results generated for two mammalian species (human and mouse) [16] . We observed significant differences between vertebrates and invertebrates regarding the exonizations that have resulted from TE insertion. In chicken and zebrafish, we found dozens of exonizations: 70 exons were a result of TE insertions in G. gallus and 153 in D. rerio. Lower on the evolutionary tree, TEs were much less frequently exonized, if at all. In the deuterostome C. intestinalis, we found only 12 exons that resulted from TEs and none were observed in D. melanogaster and
C. elegans.
The prevalence of exonizations within human and mouse (around 1800 new exons in human and around 500 new exons in mouse [16] ) is mainly attributed to the existence of very large introns and the dominance of the exon definition mechanism for splice site selection in mammals [48] . Invertebrates, in contrast, have short introns and long exons [17] . The transition from the intron definition mechanism used by invertebrates to that of exon definition during evolution presumably reduced selective pressure on intron length, which probably allowed insertion of TEs into intron sequences without deleterious consequences [48, 49] . As could be expected due to the difference in the length of introns, the numbers of TEs located in intron sequences is substantially lower in the non-mammalian genomes compared to mammalian genomes. One might expect that in organisms where the splicing machinery functions via the intron definition mechanism, insertion of TEs into the longer coding exons would be prevalent. However, only three cases of such insertions were detected in the D.
melanogaster genome, suggesting that this mechanism of transcriptome enrichment is evolutionary unfavorable. It is likely that TE insertions into coding exons are not propagated as these events would alter the coding sequence immediately upon insertion. A previous genome-wide analysis of TEs in Drosophila and their association with gene location found a small number of fixed TEs [50] . However other analyses have shown that TEs have played an important role in adaptation of fruit flies [51] . One of the most significant reports was that of the truncation of the CHKov1 gene by a TE leading to resistance to pesticides [52] .
SINEs and LINEs were shown in many publications to be good substrates for the exonization process because of their special structure [9, 11, 15, 16, 26] . In mammalians and other vertebrates higher level of SINEs and LINEs within intron sequences gave rise to a greater level of exonization due to the pre-existence of splice site like sequences, such as the polypyrimidine tract and putative 5' splice sites [9, 11, 15, 16, 26] .
TEs are often inserted into exonic regions that are part of UTRs. Our analysis indicated that, on average, the size of the last exons is longer in mammals compared to vertebrates and more so in invertebrates. The differences in the length of the last exons are correlated with an increase in the percentage of TEs inserted into last exons.
Insertions of TEs into UTRs may alter levels of gene expression, create new targets for microRNA binding, or even result in precursors for new microRNAs [46, 47, 53] .
The presumably increase in the size of last exons and in the percentage of TEs within these exons from invertebrates to mammals may have led to the high level of regulatory complexity observed in high organisms. Exonization of TEs is wide-spread in mammals, less so in non-mammalian vertebrates, and very low in invertebrates.
Conclusions
Our results suggest that there is a direct link between the length of introns and exonization of TEs and that this process became more prevalent following the appearance of mammals.
Materials and methods
Dataset of TEs within coding regions of five species
Chicken ( browser database [24, 54] . EST and cDNA mappings were obtained from chrN_intronEST and chrN_mrna tables, respectively. TE mappings data were obtained from chrN_rmsk tables and TE sequences were retrieved from genomic sequences using the mapping data. A TE was considered intragenic if there was no overlap with ESTs or cDNA alignments; it was considered intronic if it was found within an alignment of an EST or cDNA defined as an intronic region. Finally, a TE was considered exonized if it was found within an exonic part of an EST or cDNA (except the first or last exon of the EST/cDNA), and possessed canonical splice sites.
Next, we associated the intronic and exonized TEs with genomic positions of proteincoding genes by comparisons with RefSeq [55] gene tables from the UCSC table browser [54] . Positions of the TE hosting intron/exon and the mature mRNA were calculated using the gene tables. Association of the gene to the mRNA and protein accessions and to descriptions from RefSeq and Swiss-Prot was done through the kgXref and refLink tables in the UCSC genome browser database [54] . All data used has been published [22, 29] .
Analysis of retroelement insertions within the first and last exons and assessment of untranslated region fraction in known genes
The tables refGene and refLink were used to examine the relative lengths of the UTRs and the coding sequences (CDSs) within chicken, zebrafish, sea squirt, fruit fly and nematode genes and to find the first and last exons. The analysis of TE content was done using the RepeatMasker software [38] and repbase [56, 57] .
Estimation of the fraction of TEs within introns
We determined the TE fraction within intronic sequences using the UCSC genome browser and GALAXY [54, 58, 59] . The analysis of the TE content was done using RepeatMasker software and repbase [56, 57] . In the case of C. intestinalis, the analysis of 34,328 intronic sequences was done using the GALAXY server [59] and UCSC genome browser tables [54] .
Statistical analysis
For the comparative analysis of insertions within introns of various species we used a contingency 
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